Background-Warfarin is characterized by marked variations in individual dose requirements and a narrow therapeutic window. Pharmacogenetics (PG) could improve dosing efficiency and safety, but clinical trials evidence is meager.
P harmacogenomics, the study of interactions of genetics with pharmacotherapy, is a promising area for applying genetics to personalized or precision medicine. [1] [2] [3] Warfarin is prescribed to over 2 million patients in the United States for prevention of thromboembolic events associated with atrial fibrillation, venous and arterial thrombosis, orthopedic surgery, and prosthetic heart valves. Unfortunately, clinical management is difficult because of a narrow therapeutic index and marked interpatient variability in drug pharmacokinetics and pharmacodynamics, which lead to unpredictable and variable (up to 10-fold or greater) dosing requirements. 4 Anticoagulation trials for nonrheumatic atrial fibrillation have determined the optimal prothrombin time international normalized ratio (INR) range to be 2 to 3 with ratios Ͻ2 increasing thrombotic events and those Ͼ4 increasing hemorrhagic events. 5, 6 
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Genotypes of the cytochrome p450 isoform, CYP2C9, and the vitamin K epoxide reductase complex subunit 1, VKORC1, have been found to conjointly determine warfarin dose requirements. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The *2 (R144C) and *3 (I359L) allelic variants of CYP2C9 cause reductions in enzymatic activity of Ϸ30% and 80%, respectively, and increase bleeding risk. 9 Ten VKORC1 single nucleotide polymorphisms, many of which are tightly linked, and 5 inferred haplotypes determine low-, intermediate-, and high-dose requirements. 11, 15 Together, these genotypes plus clinical characteristics predict approximately one-half of interindividual dose variability. 14 -18 These observations suggest clinical applicability for CYP2C9 and VKORC1 genotyping. Indeed, the US Food and Drug Administration has revised drug-prescribing information for warfarin to include information regarding the effect of genetic makeup on drug dosing and to highlight the opportunity for healthcare providers to use genetic testing to improve the initial estimate of warfarin dose for individual patients. In the 2010 label revision, a table is provided with dose ranges by genotype with the intent to lower the risk of bleeding complications. 19 However, pharmacogenetic (PG)-guided warfarin dosing algorithms have not been adequately tested for their impact on clinical outcomes in prospective, controlled trials. In a previous randomized study (Applying Pharmacogenetic Algorithms to Individualize Dosing of Warfarin [CoumaGen], Nϭ200 patients), 20 we found that PG-guided dosing predicted stable maintenance doses better than a standard fixeddose regimen. However, the end points of percentage of out-of-range INRs and time in therapeutic range (TTR) were not met. Nevertheless, patients in 2 prespecified genetic subgroups did experience end point reductions. In CoumaGen-II we further pursued PG guidance of warfarin dose initiation within a single, integrated healthcare system.
Methods

Study Design
CoumaGen-II comprised 2 prospective clinical trial comparisons: (1) a blinded, randomized comparison of 2 refined PG-guided algorithms and (2) a clinical effectiveness comparison of PG-guided therapy with use of either algorithm with parallel, standard (STD; non-PG based) dosing. The study was approved by the institutional review boards of the 3 participating Intermountain Healthcare (Intermountain) hospitals (Intermountain Medical Center, LDS Hospital, and McKay-Dee Hospital) and registered on clinicaltrials.gov (NCT00927862). The primary end points of interest were percentage of out-of-range (% OOR) INRs and percentage of time in therapeutic range (% TTR) during the first month and, secondarily, after up to 3 months of warfarin therapy, by use of the method of linear interpolation. 21
Inclusion and Exclusion Criteria in the Randomized Study
Inclusion in the randomized study required age Ն18 years, an indication for initiation of warfarin anticoagulation, and written informed consent. Women who were pregnant, lactating, or of child-bearing potential; patients participating in other investigational trials within 30 days; those taking rifampin within 3 weeks; those with severe comorbidities (eg, creatinine Ͼ2.5, hepatic insufficiency, active malignancy, advanced physiological age, expected survival Ͻ6 months); noncompliance risk; and those deemed inappropriate for PG-guided dosing for any other reason were excluded.
Study Procedures in the Randomized Study Arms
Qualifying, consenting patients underwent buccal swabbing for DNA testing, performed in the Cardiovascular Molecular and Genetic Research Laboratory at LDS Hospital. A rapid turnaround (median, 1 hour) melting curve analytic method was used as described previously 20, 22 and in online-only Data Supplement Materials. Randomization used a mixed block scheme: blocks of 2, 4, 6, and 8 (each with 1:1 allocation to PG-1 and PG-2) were randomly ordered in superblocks of 20. The overall code was held by study genotyping laboratory personnel and pharmacy and was blinded to clinical personnel and patients.
Subsequent to publication of our internally generated PG algorithms, 16 ,20 a major multicenter collaborative effort (International Warfarin Pharmacogenetics Consortium [IWPC]) derived and published a common algorithm to predict stable maintenance dose based on Ϸ5000 patients across broad geographic and ethnic/racial groups. 23 The IWPC algorithm, potentially more generalizable than these internal algorithms, also was found to be an accurate predictor of maintenance dose in our CoumaGen-I study cohort. Hence, we based our PG-1 (1 step) algorithm on the IWPC algorithm with minor modifications to accommodate different INR targets and smoking status, based on supplemental data from Gage et al 24 20, 25 The alternative, 3-step algorithm (PG-2) included 2 further modifications of IWPC (see Figure II of the online-only Data Supplement Materials). (1) It ignored the CYP2C9 variant status for the first 2 days. (This was based on information suggesting that CYP2C9 affects elimination rates of s-warfarin but not initial drug sensitivity; thus, CYP2C9 might not impact initial dosing requirement, but it might become important only during the elimination phase of s-warfarin, ie, beginning at about day 3, given a drug half-life of 15 to 42 hours. 26 ) (2) It used a special dose-revision algorithm based on a day 4 (or day 5) INR after 3 (or 4) warfarin doses, generated by the International Dose-Revision Collaborators and shown to be more accurate than empirical dose revision by incorporating genetics, clinical information, and early patient dosing history and response. 27 Dose adjustment after 7 days used the validated INR-based Intermountain Healthcare Chronic Anticoagulation Clinic Protocol Algorithm for both PG-guided arms (see Figure III of the online-only Data Supplement Materials). 20 In both PG arms, genotype and clinical information (age, sex, height, weight, smoking status, race/ethnicity, relevant drugs, target INR, loading dose option) then were entered into a preprogrammed Excel spreadsheet, which calculated an initial and maintenance daily dose. The research pharmacist converted the calculated dose to the nearest 0.5-mg dose increment and placed the dose order under physician direction. Target turnaround time from enrollment to assigned dose order was Ͻ6 hours (maximum, 24 hours).
These PG algorithms also accommodated the option of 1 loading (2ϫ) dose (eg, for orthopedic patients) or 2 loading doses (eg, to increase efficiency in attaining the therapeutic range and decrease hospital stay, 25 up to 15 mg per loading dose on days 1 to 2, with the exception of CYP2C9 variant carriers, in which a maximum of 10 mg was allowed). 20 The algorithm allowed for receipt of 1 preenrollment, empirical dose of warfarin (eg, 5-7.5 mg) by adjusting doses on days 2 and 3 to achieve the calculated 3-day dose total (13.6% of enrollees).
Protocol INRs were designated at baseline, on day 4Ϯ1; on days 8, 14, 21, and 30; then, monthly. Additional INRs were allowed at clinician discretion to achieve and maintain stable therapeutic INRs.
Parallel Standard Dosing Cohort
The parallel, standard-dosing patient control cohort was identified by a query of the electronic medical records databases of the 3 participating hospitals for the time interval spanning enrollment of the randomized PG-guided cohorts (July 2008 through December 2010). Patients Ն18 years of age initiating warfarin therapy with a baseline and at least 1 follow-up INR level between days 3 and 14 were selected. Initial dose selection and therapy modification was at individual Intermountain-credentialed physician/healthcare provider discretion. Standard management is non-PG-based. A standard (fixed) initial maintenance dose of 5 mg/d is generally assumed, with loading doses and clinical-factor modifications not specified. However, the same standard INR-based dose-modification algorithm developed and promoted by Intermountain is generally recommended ( Figure III 
Study Duration
Study duration was 3 months or to the end of warfarin therapy if Ͻ3 months (eg, orthopedic patients generally were treated for 1 month).
Primary study hypotheses were as follows: (1) The 3-step PGdosing algorithm (PG-2) will be noninferior to the 1-step dosing algorithm (PG-1) for % OOR INRs (1°) and TTR (2°) and will be superior in the combined wild-type and multiple variant genetic subgroups, and in the CYP2C9 variant subgroups, at 1 (1°) and 3 months (2°). (2) PG-dosing (PG-1ϩPG-2) will decrease % OOR (1°) and increase TTR (2°) in PG-guided (PG-1ϩPG-2) patients versus parallel controls.
Secondary hypotheses were as follows: (1) PG-guided dosing will decrease the %INRs Ն4 and Յ1.5. (2) PG-guided dosing will decrease the composite of %INRs Ն4 and Յ1.5 and study relevant (ie, potentially treatment related) serious adverse events (death, myocardial infarction, stroke/transient ischemic attack, thromboembolism, and clinically significant bleeding events). (3) The PG-2 algorithm will be noninferior to the PG-1 algorithm for %INRs Ն4 and Յ1.5 or serious adverse events. (4) PG-guided dosing will decrease the number of INRs measured up to 3 months. (5) PG-guided dosing will predict stable maintenance dose better than the initial empirical dose selection. (6) Patients with one or more CYP2C9 variant will require a longer time to achieve a stable maintenance INR.
Determination of Stable Maintenance Dose
A stable maintenance dose was determined for study patients as the last stable dosing interval achieved on day 8 or later that was associated with 2 or more therapeutic INRs measured 1 week or more apart without a dosing change of Ͼ0.5 mg/d for doses Ͻ5 mg/d or Ͼ1 mg/d for doses Ն5 mg/d. Cases with abbreviated or unstable dosing patterns (see below) were excluded from analysis. For cases that closely approached stability, stable dose was estimated by interpolation/extrapolation by an experienced investigator (J.L.A.) blinded to treatment arm and genotype.
Recruitment Targets and Study Power
Based on power calculations and feasibility, the minimum recruitment target for the randomized, PG-guided comparison was set at 500 patients. All qualifying parallel control patients were included, anticipated to number Ն1000. For hypothesis 1, the power to exclude inferiority of PG-2 versus PG-1 at a margin (␦) of 5% points with 250 patients per group at a 2-sided ␣ Ͻ0.05 is 87%, assuming a common standard deviation of 0.20. For hypothesis 2, a total of 500 PG-guided patients and Ն1000 controls yields Ն99% power at 2-sided ␣ Ͻ0.05 for a decrease in proportion of OOR INRs from 0.40 to 0.34 (proportions based on CoumaGen-I). 20
Statistical Analysis
Comparisons between groups for primary and secondary end points were made by using unpaired t test, 2 , or log-rank tests as appropriate. All consented, randomized patients who were successfully genotyped and received at least 1 dose of warfarin with at least 1 postdose INR were included in efficacy analyses (modified intention to treat). All patients receiving at least 1 dose of warfarin were included in safety (eg, bleeding) analyses until 1 week after the last warfarin dose or, in the case of comparisons between randomized and parallel control groups, until 3 months after warfarin initiation. Serious adverse events of primary interest were death, myocardial infarction, stroke/transient ischemic attack, thromboembolic event, and clinically significant bleeding. Univariate and multivariate odds ratios (with 95% confidence intervals) were calculated for discrete variables by use of logistic regression. Heterogeneity between subgroups was assessed using multivariate analysis of variance. Linear regression was used to adjust the primary end point for baseline demographics and to generate multivariable models for the observed stable maintenance warfarin dose entering genetic variants and relevant clinical variables. Noninferiority was tested by use of the equivalence test in SAS (Cary, NC). 28 To account for laboratory INR-measurement error, a 10% margin outside of the target range was allowed in determination of OOR values, ie, INRs Ͻ1.8, Ͼ3.3 for INR 2.5 target; Ͻ2.25, Ͼ3.85 for INR 3.0 target. Below therapeutic INRs were counted beginning on day 3 to allow for the usual lag in achieving a therapeutic INR. The noninferiority ␦ for the primary end point was set at an absolute %OOR INR for PG-2 no more than 5% greater than that of PG-1. For each patient, the proportion of OOR INRs of all INRs was determined, and this proportion then was averaged over all patients. Significance for this primary end point was set at PՅ0.05. In case of a nonsignificant primary end point, results for secondary end points and subset analyses were to be considered exploratory and nominally significant at PՅ0.05. Mean and mean absolute maintenance dose errors for PG-guided patients were compared with errors assuming a "virtual" standard empirical dose of 5 mg/d.
Safety and Clinical Events Committees
An independent Data and Safety Monitoring Committee tracked unblinded safety data. A separate independent Clinical Events Committee adjudicated clinical adverse events blinded to study arm.
Results
Patient Enrollment and Demographics
A total of 504 patients were randomly assigned between the 2 PG arms (PG-1ϭ257, PG-2ϭ247). Baseline characteristics of the 2 groups were comparable, including genotype profile ( Table 1 ). Of PG-guided patients in the current study, 477 fulfilled criteria for the efficacy analysis (modified intention to treat), and 488 who received at least 1 dose of warfarin were included in safety (eg, bleeding) analyses. The parallel, nonrandomized control group, initiated concurrently on warfarin at the same institutions, was slightly younger, less frequently carried a postorthopedic surgery diagnosis, and more frequently carried a diagnosis of coronary artery disease ( Table 1 ).
Randomized Comparison of the 2 PG-Dosing Algorithms
The primary hypothesis in the randomized study of noninferiority for PG-2 compared with the PG-1 algorithm was verified for % OOR INR at 1 and 3 months and for % TTR at 3 months (Table 2 ). However, PG-2 was not superior to PG-1, either overall, or for the subgroup with no variants or multiple variants (OOR INRs 32.7% versus 31.5%, Pϭ0.67), or for the subgroup with CYP2C9 variants alone (32.3% versus 32.3%, Pϭ1.00). Results of secondary outcomes also were similar for PG-2 and PG-1 patients, including INR safety signals and clinical adverse events (probability value range, 0.11-1.0, Table 3 ). Accordingly, the 2 PG-guided
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Genetic Determination of Stable Dose and PG-Guided Dose Prediction
Stable maintenance dose in the combined PG group could be determined in 444 patients and varied inversely (by 2 1 ⁄2-fold) and highly significantly (PϽ0.001) with the number of reduced-function variant alleles (Figure 1 ), confirming previous observations by many groups, including our own. 16, 19 PG guidance much more accurately (PϽ0.001) predicted maintenance dose in wild-type (no variant) and multiple (Ͼ1) variant groups than a virtual standard regimen (ie, 5 mg/d) ( Figure 2 ): no-variant patients would require an upward adjustment in weekly dose by an average of 10.5 mg, and multiple-variant patients would require downtitration by an average of 10.9 mg/wk, whereas essentially no adjustment on average was required after PG-guided initial dose selection. In contrast, doses in the 1 variant subgroup (most commonly in VKORC1 or CYP2C9*2), representing the average (median) population subset, were predicted well by both PG-and fixed-dosing methods (Figure 2) . Similarly, the overall mean absolute error in individual patients for PG-calculated dosing was significantly less than virtual empirical (standard) dosing (PϽ0.001). By genetic subgroup, it was substantially reduced for no-variant and multiple-variant patients and was more modestly reduced but also significant for those with single variants (Figure 3 ). PG-predicted dosing was within 1 mg/d in 63.2% of the PG-guided patients with an established stable maintenance dose (nϭ444) in comparison with 37.6% of these patients based on an empirical dose of 5 mg/d (PϽ0.001).
Linear regression analysis for the dependent variable "stable warfarin dose" determined that the 3 variant alleles accounted for 37.2% of variance in dose, and the clinical variables, for 13.4%. Together in a single model, all variables accounted for 49.4% of stable dose variance. 
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Comparison of PG-Guided and Standard Warfarin Dosing
In comparison with standard initial dosing, PG dosing was associated with large (11% absolute, 26% relative), highly significant reductions in the primary comparative effectiveness end point of % OOR INRs at 1 month (PϽ0.001 adjusted for age, sex, orthopedic surgery, atrial fibrillation, deep vein thrombosis, pulmonary embolism, heart failure, valve replacement, and arterial thrombosis) and also up to 3 months (adjusted PϽ0.001). Results for the more traditional TTR metric followed in parallel, with absolute improvements in %TTR of 11% at 1 month (adjusted PϽ0.001) and 13% at 3 months (adjusted PϽ0.001) (Table 2, Figure 4 ). Percentage TTR was highly negatively correlated with % OOR INRs both at 30 days (rϭϪ0.816) and at 3 months (rϭϪ0.759). Time to first therapeutic INR tended to be shorter with PG guidance ( Table 3) . Given the large difference in the proportion of postorthopedic surgery patients in the PG-guided and parallel control groups, a stratified analysis was performed. An advantage to PG-guided therapy was observed in both strata: for the orthopedic group, % OOR INRs for PG (nϭ266) and STD therapy (nϭ275) groups were 31.3% versus 49.7% at 30 days and 31.5% versus 52.3% at up to 3 months. For the nonorthopedic group, % OOR INRs for PG (nϭ212) and STD therapy (nϭ1636) groups were 31.4% versus 40.2% at 30 days and 29.4% versus 40.6% at up to 3 months. All comparisons were highly significant in unadjusted and ageand sex-adjusted analyses (PϽ Ͻ0.001, ANOVA).
Adverse Event and Safety Observations
In keeping with its advantage to reduce out-of-range INRs and increase TTR, PG-guided dosing was associated with fewer markedly high (Ն4) or low (Յ1.5) INRs (15.3% versus 27.4%, PG versus STD, PϽ0.001) ( Table 3 ). Of note, this was driven by a reduction in very low INRs. Clinical Events Committee-adjudicated adverse events occurring during therapy were low with PG guidance (3.3% of patients) and did not differ significantly between PG groups (Table 3) . However, computed medical record screening for incident serious adverse events through 90 days discovered increases in hemorrhagic events, thromboembolic events, death, and any serious adverse events in parallel controls in comparison with PG-guided patients (4.5% versus 9.4%; adjusted relative risk, 0.44 [CI 0.28 -0.70]; PϽ0.001; Table 3 and online-only Data Supplement Table I ). Fewer serious adverse events were found both in those with and without an orthopedic indication for anticoagulation (online-only Data Supplement Table II ).
Discussion
Study Summary
We report a prospective study comprising 2 clinical trial comparisons: (1) a blinded, randomized trial comparing a modified, 1-step with a more complex 3-step PG-guided dosing algorithm in Ϸ500 patients initiating warfarin therapy, and (2) a clinical effectiveness comparison of these 500 patients receiving PG-guided dosing with a large, parallel, nonrandomized "real-world" control population concurrently initiating warfarin at our institutions and managed routinely with non-PG, standard-dose therapy. In primary and secondary end point comparisons, the 2 PG algorithms were comparable, with the more complex PG-2 algorithm failing to show superiority. This suggests to us that the simpler PG-1 algorithm, based on the large, multicenter IWPC algorithm, 23 with modifications according to Gage et al, 24 may be preferable for general clinical practice. However, and importantly, PG guidance by use of either algorithm was highly superior to standard dosing in the comparative effectiveness study in achieving and maintaining therapeutic INRs, a well-validated measure of clinical effectiveness and safety, and in reducing serious bleeding and thromboembolic events and death. These findings have important implications for ongoing randomized trials and clinical practice.
Relevant Previous and Ongoing Studies
Several prospective studies have demonstrated the feasibility of initiating warfarin therapy based on PG-guided dose prediction algorithms. 20,29 -32 However, only a few of these studies were randomized, controlled clinical trials, and these few have been limited by diverse issues, including study design and sample size. 20, 32 Although CoumaGen-I, the largest (Nϭ200) of these, predicted stable maintenance doses better than standard empirical dosing (5 mg/d), the end points of %OOR INRs and %TTR were not met. Importantly, however, patients in 2 prespecified genetic subgroups (ie, those with multiple variants, anticipated to require smaller doses, and those with no variants, anticipated to require larger doses) benefited from by PG guidance (Pϭ0.03). Perceived limitations of CoumaGen I included smaller than postulated benefits of PG guidance, limited power (because of sample size), aggressive dose management by the hospital's anticoagulation management service in the STD arm, and dose variability (both genetic and nongenetic) unaccounted for by the PG algorithm. Hence, in planning CoumaGen-II, we replaced the previous PG algorithm with 2 refined, updated algorithms based on major international collaborative efforts. 23, 24 We increased randomized patient numbers (from 200 to 500) to increase power for the interalgorithm comparison, and we identified almost 2000 parallel, non-PG-guided controls to allow for a much more powerful comparison of PG guidance with standard (fixed-dose) therapy.
Medco-Mayo recently reported a clinical effectiveness study of PG-guided warfarin initiation. 33 This study reported that hospitalizations for bleeding and thromboembolism were reduced by genotyping (hazard ratioϭ0.72). However, the design of this nonrandomized study has been criticized as being susceptible to physician treatment bias (Hawthorne effect). Further, the results appear to lack temporal plausibility because genotyping was not available for a minimum of 11 days (median, 32 days), whereas the contribution of genotype to INR-alone guidance has been shown to diminish rapidly over time. 20, 27, 34 Currently, there are 3 major ongoing randomized trials of warfarin initiation: Clarification of Optimal Anticoagulation Through Genetics (COAG), 35 Genetics Informatics Trial of Warfarin Therapy (GIFT), 36 and European Pharmacogenetic Approach to Coumarin Anticoagulant Therapy (EU-PACT) (clinicaltrials.gov/ct2/show/NCT01119300), each with differing enrollment populations, study designs, and recruitment targets (Nϭ970 -1600). Results of these trials are of critical importance to recommendations for clinical application of PG guidance of warfarin therapy, but these results are not expected to become available until at least 2013.
Mechanistic Considerations
Reasons for the failure of the PG-2 algorithm to demonstrate superiority are uncertain. Possibilities include a greater impact of CYP2C9 genotype on response than expected, beginning with the first dose, and also the greater complexity of the PG-2 regimen for dose initiation, which may have led to greater noncompliance with dose calculations. The utility of the third element in PG-2, the incorporation of genetic (and INR history) into the day 4 dose refinement algorithm, has been established and validated in a multicenter experience, 27 but its incremental impact appears to be relatively modest. This third element also may have been susceptible to greater noncompliance, which we could not accurately track. Never-theless, the substantial benefit in INR control was impressive in both PG groups. Despite these limitations, the results give substantial impetus to PG guidance in clinical practice.
Clinical Implications
As previously summarized, randomized clinical trial evidence to substantiate the clinical benefit of PG guidance of warfarin dosing is inconclusive. Although PG dosing has been shown to more accurately predict individual warfarin dose requirements, it previously has not demonstrated the ability to improve TTR and decrease thromboembolic and bleeding events. Accordingly, PG guidance has not been endorsed by relevant medical societies or incorporated into clinical guideline recommendations. The results of our comparative effectiveness study add important incremental information and impetus to the existing evidence base. Strictly interpreted, they support a management strategy incorporating genetics, rather than precisely defining the incremental contribution of genetics to benefit. We further interpret these results as both supporting enrollment in ongoing clinical trials wherever possible (which can further validate our controlled but nonrandomized observations) and otherwise also encouraging the consideration of our PG-guided management strategy for warfarin initiation as a clinical option (based on physician preference/expertise, patient characteristics, and genotyping availability). Improvement in quality of care to the degree we observed promises to be cost effective. 37 We do not view our results as sufficiently definitive to establish PG dosing as a general therapeutic mandate. Nevertheless, use of PG guidance in settings similar to CoumaGen-II is consistent with guidelines recently published and extensively referenced by the Clinical Pharmacogenetics Implementation Consortium. 38 If a physician decides to use PG-guided dosing, warfarin dose recommendations can be generated that incorporate genotype along with clinical information by use of publically available mechanisms. The 2 best validated PG algorithms are available on-line at http://warfarindosing.org/ 24 and http:// www.pharmgkb.org/do/serve?objIdϭPA162372936&objClsϭ Dataset#tabviewϭtab2. 23 These 2 algorithms formed the basis of our PG algorithms and give generally similar results. Alternatively (although less accurately 39 ), dose selection can be estimated by genotype (but without regard to clinical information) from a table in the current warfarin druginformation brochure. 19 
Study Strengths and Limitations
Study strengths include its prospective, randomized design for the PG-algorithm comparison, including oversight by safety and events committees, and industry-independent funding. In addition, our rapid genotyping assay enabled PG guidance to be applied in real time (ie, same day; sample processing time Ϸ1 hour), 22 applicable to the real world. The study was underpowered to rigorously test for superiority of the PG-2 algorithm; however, we can exclude with 80% power an absolute decrease of 5 percentage points in % OOR INR. The parallel control population for the clinical effectiveness comparison had the strength of large numbers of patients who were treated in standard real-world fashion, in
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Pharmacogenetic Guidance of Warfarin Dosing the same hospitals, during the same time interval, using the same general treatment recommendations, and (for hospitalized patients) the same anticoagulation management services. However, it should be emphasized that the control group was not randomized, and certain baseline characteristics differed (although robust advantages to PG guidance persisted after adjustment for these). Furthermore, the exact contribution of genotyping versus clinical factors and management differences in explaining the primary outcome results cannot be accurately determined. Also, some demographic and treatment-related factors (eg, dosing information) were not available for the parallel control group in our database. Finally, the study relied heavily on our usual healthcare system's many clinical personnel for managing warfarindosing protocols rather than exclusively on research personnel, and we are unable to determine the exact rate of compliance with study-designated dosing recommendations. However, noncompliance would likely tend to reduce rather than inflate advantages of PG guidance.
Conclusions
In a parallel-group, single-healthcare-system clinical effectiveness study, PG dosing of warfarin was associated with substantially reduced % OOR INRs and increased % TTR (both by Ն10 absolute percentage points, PϽ Ͻ0.001) during the critical first 1 to 3 months of warfarin therapy. Furthermore, PG guidance was associated with fewer serious adverse events. More complex PG dosing (delaying CYP2C9 entry until day 3, using genetics to modify day 4 -5 adjustment) did not add significantly to dosing efficiency, suggesting that the simpler PG-1 algorithm may be preferable for general clinical application. The findings in this clinical effectiveness study suggest that PG dosing may be worth consideration for broader application in clinical practice, a proposal that is being further tested in 3 ongoing randomized trials.
